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PROJECT SUMMARY

This is the final report covering our 3-year Office of Naval Research
contract N0O0O14-88-K-0526. The original program goals included:

1)  Deposition of potassium niobate, KNbO3, thin films using a
computer-controlled ion beam sputter-deposition system.

2)  Investigation of critical process parameters and their relationship to
film properties.

3)  Characterization of the optical and electro-optical properties of
KNbO3 thin films.

ACCOMPLISHMENTS

Presented here is a summary of project accomplishments which are
described in detail in this report.

1) Development of a computer-controlled ion beam sputter-
deposition system for the in situ growth of multicomponent oxide
thin films.

A novel ion beam sputter-deposition method was developed to deposit
KNbO3 and other multicomponent thin films in a high vacuum chamber.
The method involves layer by layer growth of the multicomponent material.
The uniqueness of the system lies in a rotating target holder and the process
monitoring and control. The technique requires that multiple targets be
sequentially exposed to the ion beam. An in-vacuum, motor-driven rotating
target holder was built to perform this function. The targets are either
elemental materials (e.g. niobium metal, Nb) or elemental oxides (e.g.
potassium superoxide, KO2). Also central to the deposition process is real-
time feedback from a quartz crystal resonator, QCR, whose frequency
changes in response to material deposited on the quartz crystal surface. For
system control, the QCR actively senses deposition during the sputtering
process and when preset values are reached its signal triggers target rotation
via the system control computer. The computer also performs many other
system functions including control of ion beam parameters and substrate
heating.

At sufficiently high deposition temperatures the deposited layers
interdiffuse to form the desired multicomponent material. Cation




stoichiometry has been precisely controlled by adjusting the relative
thicknesses of the deposited layers.

2) Deposition and microstructural characterization of KNbO3 thin
films.

Prior to this investigation, little work had been done to fabricate high
quality thin films of KNbO3. Thus, little was known about the
microstructural characteristics of KNbO3 thin films. In order to produce the
highest quality films possible, single crystal materials were chosen as
substrates. Magnesium oxide, MgO (100), and sapphire, A1203 (0001),
were selected because of their favorable lattice matches to the perovskite
KNbO3. Using the computer-controlled ion beam sputter-deposition system
developed in this program, the highest quality KNbO3 thin films reported to
date were grown .

The microstructures of KNbO3 films grown are strongly determined
by deposition temperature and substrate type. X-ray diffractometer pattemns
and transmission electron microscopy, TEM, have confirmed that KNbO3
thin films grown on MgO at 600 °C and above are epitaxially oriented,
[110]JKNbO3//[100]MgG, [001]KNbO3//[001]MgO. Two types of defects
have been observed in these films. First, tetrahedral growth twin domains,
TTDs, which nucleate from steps on the MgO surface have been identified.
These growth twins can be controlled by proper substrate preparation.
Secondly, inversion domain boundaries, IDBs, have been found in the films
in addition to the TTDs. These boundaries are charged and may affect
ferroelectric switching behavior, though this has not been studied yet.

The KNbO3 thin films grown on sapphire at 625 °C and above are
highly oriented, [111]cKNbO3//[0001]A1203. Multiple positioning
boundaries, MPBs, were observed within the (111) KNbO3 films. The
MPBs were categorized into three types, translational, double positioning,
and translational double positioning boundaries.

3) Electro-optic characterization of KNbO3 thin films.

The electro-optic effect was measured in ion beam sputter-deposited
KNbO3 thin films, manifested as a shift in the birefringence due to an
applied electric field. Epitaxial KNbO3 films on MgO (001) show a smaller
birefringence shift than predicted from film geometry and bulk parameters,
The discrepancy can be explained by incomplete switching of the
ferroelectric domains within the films. In addition, microstructural defects
were found to influence the magnitude of the birefringence shift. If poled,




however, the films may have very desirable properties for electro-optic
applications.

The KNbO3 thin films deposited on sapphire (0001) exhibit a large
shift in the birefringence due to an applied electric field. The magnitude of
this shift must be attributed to the shear components of the linear electro-
optic tensor, the largest coefficients for KNbO3. Due to the large
birefringence shift at relatively low field levels, these films show great
potential for electro-optic applications where light passes through the film
plane.

4) Guided-wave characterization and device modeling.

Many integrated optics applications for electro-optic thin films require
the films to serve as planar waveguides. Light was launched into the plane
of ion beam sputter-deposited KNbO3 thin films using the prism-coupling
method to demonstrate their utility as waveguides. This method was also
used to determine the index of refraction of the films by measuring the
position of the coupling angles. The index of refraction for KNbO3 thin
films was calculated to equal 2.28, an index very near the literature values
for KNbO3.

To demonstrate the potential for our KNbO3 thin films, a waveguide
electro-optic phase modulator based on the thin films was modeled. The
model optimizes the drive voltage and modulation bandwidth of the device.
The epitaxial KNbO3 thin films grown on MgO (001) using the ion beam
sputter-deposition technique were used as the basis for the model. The
characteristics of the optimized device demonstrate the potential of KNbO3
films to surpass bulk single crystal LINbO3, which is currently the material
of choice for guided-wave integrated optics devices.

5) Two Ph. D. theses and 15 publications resulted from the work
supported by this Office of Naval Research contract no. N00014-
88-K-0526.




Chapter 1
INTRODUCTION

The body of this report is composed of four reprints of papers and one
chapter of a Ph. D. thesis which encompass the work performed during the
tenure of the contract sponsored by the Office of Naval Research. The
content of these reprints is outlined below.

The first reprint entitled “Deposition of Electrooptic Thin Films” was
presented at the 92nd annual meeting of the American Ceramic Society and
was published in Ceramic Transactions Vol. 14: Electro-Optics and Non-
linear Optic Materials. The development of the ion beam sputter-deposition
system is discussed along with initial microstructural studies of KNbO3 thin
films in this paper.

The second reprint is titled “High Resolution Imaging of Twin and
Antiphase Domain Boundaries in Perovskite KNbO3 Thin Films.” This
paper presents a detailed microstructural study of the defects found in
epitaxial KNbO3 thin films deposited on single crystal MgO (100)
substrates. This work was presented at the Spring meeting of the Materials
Research Society in 1990 and was published in the Materials Research
Society Symposium Proceedings Vol. 183, High Resolution Electron
Microscopy of Defects in Materials.

The third section is taken from the Ph. D. thesis of Shang H. Rou.
Titled “Microsiructural Characterization of the Epitaxial (111) KNbO3 on
(0001) Sapphire,” this chapter describes the transmission electron
microscope studies of the growth defects present in KNbO3 films deposited
on sapphire.

The next section is a reprint of a paper titled “Electro-optic
characterization of ion beam sputter-deposited KNbO3 thin films” which
was published in Applied Physics Letters. The electro-optic properties of
KNbO3 thin films deposited on both MgO and sapphire were reported for
the first time. In addition, the relationships between microstructural defects
and the electro-optic properties are discussed.

The waveguiding characteristics are reported in the last section titled
“Optical Characterization of Potassium Niobate Thin Film Planar
Waveguides.” Additionally, an electro-optic phase modulator was modeled
using an ion beam sputter-deposited KNbO3 thin film on MgO (001) as the
basis for the model. This paper was presented at the 1991 Fall Meeting of
the Materials Research Society and will be published in the Materials
Research Society Symposium Proceedings, Vol. 243, Ferroelectric Thin
Films I1.
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Full bibliographic listings for these reprints can be found below along

with all other publications supported by the Office of Naval Research under
this contract.

1.1 Theses granted resulting from work either fully or partially

*1.

supported by the Office of Naval Research.

“Characterization of Perovskite Thin Films,” Shang H. Rou, Ph. D.
Thesis, North Carolina State University, Raleigh, NC 27695, 1990.

“Ion beam sputter-deposition, optical characterization, and
modeling of potassium niobate thin films,” Thomas M.
Graettinger, Ph. D. Thesis, North Carolina State University,
Raleigh, NC 27695, 1992.

1.2 Publications resulting from work either fully or partially

* 1.

supported by the Office of Naval Research.

“Electro-optic characterization of ion beam sputter-deposited
KNbO3 thin films,” T. M. Graettinger, S. H. Rou, M. S. Ameen, O.

Auciello, and A. I. Kingon, Appl. Phys. Lett., 58(18), 1991, pp.
1964-1966.

“Ion beam sputter deposition of ferroelectric oxide thin films,” T.
M. Graettinger, O. Auciello, M. S. Ameen, H. N. Al-Shareef, K.
Gifford, and A. 1. Kingon, MRS Symposium Proceedings, Vol.
223, Low Energy Ion Beam and Plasma Modification of Materials,
(MRS, Pirrsburgh, PA), 1991, pp. 273-281.

“Investigation of the electro-optic properties of ion beam sputter-
deposited KNbO3 thin films,” T. M. Graettinger, S. H. Rou, M. S.
Ameen, O. Auciello, and A. I. Kingon, Symposium on
Ferroelectric Films, 93rd Annual Meeting of the Am. Ceramic
Soc., Cincinnati, OH, May 1991.




* 5.

10.

8
“Processing-structure relations for ferroelectric thin films
deposited by ion beam sputter deposition,” A. Kingon, M. Ameen,
0. Auciello, K. Gifford, H. Al-Shareef, T. Graettinger, S. H. Rou,
and P. Hren, Ferroelectrics 116, 1991, pp. 35-49.

“Optical characterization of potassium niobate thin film planar
waveguides,” T. M. Graettinger and A. I. Kingon, MRS
Symposium Proceedings, Vol. 243, Ferroelectric Thin Films
II, (MRS, Pittsburgh, PA), 1991 (in press).

“Microstructure and process integration of epitaxial ferroelectric
thin films,” S. H. Rou, T. M. Graettinger, A. F. Chow, D. J.
Lichtenwalner, O. Auciello, and A.I Kingon, MRS Symposium
Proceedings, Vol. 243, Ferroelectric Thin Films Il, (MRS,
Pittsburgh, PA), 1991 (in press).

“Electrostatic energy induced 45° rotation in heteroepitaxial
KNbO3 thin films an (001) MgO,” S. H. Rou, T. M. Graettinger,
O. Auciello, and A. I. Kingon, MRS Symp. Proc., Heteroepitaxy of
Dissimilar Materials, Spring 1991.

“High resolution imaging of twin and antiphase domain boundaries
in perovskite KNbO3 thin films,” S. H. Rou, P. D. Hren, J. J. Hren,
T. M. Graettinger, M. S. Ameen, O. Auciello, and A. I. Kingon,

MRS Symp. Proc., Vol. 183, High Resolution Electron Microscopy
of Defects in Materials, (MRS, Pittsburgh, PA), 1990, pp. 285-290.

“Characterization of the inverted tetrahedral twin particles in the
heteroepitaxial KNbO3 thin films,” S. H. Rou, J. J. Hren. P. D.
Hren, T. M. Graettinger, M. S. Ameen, O. Auciello, and A. I.
Kingon, Proceedings of the XIith International Congress for

Electron Microscopy, (San Francisco Press, Inc.), 1990, pp.466-
467.

“Processing and Structural characterization of ferroelectric thin
films deposited by ion beam sputtering,” M. S. Ameen, T. M.
Graettinger, S. H. Rou, H. N. Al-Shareef, K. D. Gifford, O.
Auciello, and A. 1. Kingon, MRS Symp. Proceedings, Vol. 200,
1990, pp. 65-76.




* 11.

12.

13.

14.

15.

9
“Deposition of electrooptic thin films,” A. I. Kingon, S. H. Rou,
M. S. Ameen, T. M. Graettinger, K. Gifford, and O. Auciello,
Ceramic Transactions Vol. 14, Electro-Optics and Non-linear
Optic Materials, (Am. Cer. Soc., Westerville, OH), 1990, pp. 179-
196.

“Computer-controlled ion beam sputter deposition of
multicomponent oxides,” A. I. Kingon, O. H. Auciello, M. S.
Ameen, C. N. Soble, T. M. Graettinger, and S. H. Rou, Ceramic
Transactions , Vol. 11, Ceramic Thick and Thin Films, (Am. Cer.
Soc., Westerville, OH), 1990, pp. 47-57.

“Computer-controlled ion beam deposition systems for high T¢
superconductor and other multi-component oxide thin films and
layered structures,” A. R. Krauss, O. Auciello, A. I. Kingon, M. S.
Ameen, Y. L. Liu, T. Barr, T. M. Graettinger, S. H. Rou, C. N.
Soble, and D. M. Gruen, Applied Surface Science, 46, 1990, pp.
67-73.

“Characterization of KNbO3 thin films deposited by ion beam

sputtering using a computer-controlled rotating target holder,” M.
S. Ameen, T. M. Graettinger, O. Auciello, S. H. Rouy, and A. L.
Kingon, MRS Symp. Proceedings, Vol. 152, 1989, pp. 175-179.

“Ion beam sputter deposition of YBapCu307.§: beam induced

target changes and their effect on deposited film composition,” M.
S. Ameen, O. Auciello. S. H. Rou, C. N. Soble, T. M. Graettinger,
A. R. Krauss, and A. 1. Kingon, AIP Conf. Proc. No. 200, 1988,

pPp95-. -

* A reprint of the papers marked with an asterisk are included in this

report.
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Chapter 2
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Cer. Soc., Westerville, OH), 1990, pp. 179-196.




DEPOSITION OF ELECTROOPTIC TilIN FILMS 1

Angus L. Kingon®*, Shang-Hsien Rou, Michael S. Ameen,
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Depaniment of Materials Science and Engineering
North Carolina State University, Raleigh, NC 27695-7907

and

Alan R. Krauss
Chemisiry and Materials Ccience Divisions, Argonne National
Laboratory, Argonne, Ulinois 60439

ABSTRACT

KNbOj thin films have been deposited on Si and MgQO (10Q) substrates
by a new ion beam sputter deposition system. It has been shown that,
by choice of substrate and conditions, a variety of microstructures can be
controllably achieved, varying from polycrystalline 10 epitaxial single
crystal. In the case of the latter, two defect types have been observed,
viz antiphase domains and 211-type growth twins. A &tructure has been
postulated for the domain boundaries of the former. The relationships
between microstructures and ferroelectric properties can now be
investigated. Preliminary dielectric property measurements were made
of polycrystalline filins deposited on TiN / MgO (100) substrates. In the
case of epitaxial KNbQOj3 films on MgO substrates, light has successfully
been coupled into the films, and the films show low scattering losses.

Member, Amei.can Ceramic Society
+ Also Microelectronics Center of North Carolina
1 Invited Presentation
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1. INTRODUCTION

1.1  Background to Electrooptic Thin Filins

With the present trend towards devcloping smaller, integrated
optical devices, thin film electrooptic components, such as guided wave
phase modulators for optical switches, appear increasingly attractive.
Electrooptic components fabricated by thin film process methods display
several immediate and potential advantages, which include: processing
techniques amenable to a wide range of device architectures; potentially
fewer process steps and lower costs; scale of film thicknesses
compatible with requirements for integrated optic devices; lower growth
temperatures; (economic) tolerance for lower growth rates (thereby a
potential for increased material quality); and the possibility of “graded"
compositions and tailoring of refractive index profiles.

12 KNbOj as an Electrooptic Material

The material commonly utilized for phase modulators is LiNbO3,
although it does not have the highest figure of merit.}.2 Rather, its
utilization is due to its convenient fabrication in bulk single crystal form
by growth from the melt. In addition, channel waveguides of cross-
sectional dimensions which match optical fibers are conveniently formed
by Ti ion-diffusion into the LiINbO3 wafers.

Materials with higher figures of merit exist, although a precise
comparison necessitates definition of the .device geometry. These
materials include!2 KNbOj (33- and 42> modes), BaTiO3 (51- and
33- modes, and BaaNaNbsOjs (33- mode). .

KNbO3 melts incongruently, making growth of bulk, high quality
single crystals difficult.3 It has a Curie point of ~435°C, and undergoes a
further tetragonal-orthorhombic transition at ~225°C.4 The structural
anisotropy promotes micro- and macrocracking during cooling through the
phase transitions.

It is interesting to note that in the K20 - Nb2Og system, a
number of compounds have been reported, runging in stoichiometry from
KeNbggO113 1o KgNb20g.3 In addition, deviation from the ideal cation
stoichiometry must be expected. The extent of 1his non-stoichiometry, of
the form K;.2,NbO3.y, has not been investigated.
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KNbOj is therefore a candidate thin film elecirooptic material,
which requires further investigation. This investigation must include the
selection of suitable process methods.

1.3  Thin Film Process Methods

A number of processing methods ase currently being explored for
ferroclectric thin films, as discussed in an earlier paper.® Critical issues
determining the choice include: the processing temperature limits;
substrates and interfaces; defects and microstructures; and variability of
composition and properties. These are bricfly mentioned in turn,

Processing temperatures are determined largely by the devices
required. In the case where electrooptic components need to be directly
deposited on Si and GaAs semiconductors, the process temperatures
are limited 10 typically <600°C. At these reduced temperatures the
mobility of cation species is low, making the fabrication of high quality
single crystal thin films difficult.

The choice of substrate is determined by the device architecture,
the required refractive index mismatch, and the lattice match between
substrate and film (if epitaxial films are required). Direct deposition on
Si and GaAs presents the problem of the lattice mismatch with KNbO3,

and the formation of amorphous oxide layers at the interface.

For most electrooptic applications, it is likely that epitaxial single
crystal films will be required, as grain boundaries in polycrystalline films
can act as scattering centers, and as a source.of defects. This postulate
has yet to be confirmed. Lattice defects can yield optical centers and
photocarriers, with the resultant transient currents being detrimental to
the clectrooptic device performance.  Unfortunately, detailed
relationships between lattice defects and propertics, and more generally
between microstructures and properties, huve not been established for
these materials. This must remain a topic of research.

The variability of properties from sample-to-sumple and batch-to-
batch is an issue central to commercialization of these materials. Tight
constraints are imposed on processing, with the control of cauon
stoichiometry a well-identified problem.

The two techniques most commonly utilized for the deposition of
electrooptic and other ferroelectric films are sol-gel processing (or a
variant thereof), and magnetron sputtering. While both techniques
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possess a set of valuable advantages, it is important 1o be aware of their
respective disadvantages.

Sol-gel films usually utilize spin-on deposition of organometallic
precursors, with film thicknesses 2 0.3 pm requiring multiple
depositions. Problems normally encountered are film cracking and
porosity, which can be attributed to large volume changes upon drying, or
upon pyrolysis and loss of the organic component. The process makes
nucleation and growth of the crystalline films difficult to control in
comparison with a vapor deposition process, and thus there is difficulty
in producing epitaxial films at comparably low cmperatures.

Magnetron (or plasma) sputtering has as a major disadvantage
in the fact that the plasma interacts duccuy with the growmg film. In the
case of oxide deposition, this results m the so-called "negative ion
effect"?, as well as electron bombardment 8, and xncrt gas incorporation.
Methods which minimize the negative ion effect 9, inevitably have a
large negative influence on the film growth rate.

In addition, it is common in plasma sputtering to use single
multicomponent oxide targets. The problem of stoichiometry control in
the prescucc of preferential sputtering effects has been documented
previously.10 While these effects can be minimized in the short term,
the prognosis for commercial-scale processes must be carefully weighed.

Because of the disadvantages mentioned above, new processing
methods for multicomponent oxides are presently being explored. In this
paper we describe the application of a computer-controlled ion beam
sputter dcposmon technique to KNbO3 thin films, gnd demonstrate the
extent to which microstructures may be controlled. *

2 EXPERIMENTAL
2.1 Computer Controlled Jon Beam Sputter Deposition

The system is shown in Figure 1. The deposition system
consists of a Nb-lined stninless steel chamber turbopumped to a base
pressure of about 1.0 x 107 torr, an Ar* ion beam of 1.4 keV and 25 mA,
and a quartz lamp heater assembly capable of heating the substrate to >
600°C. The system geometry shown in Figure 1 was chosen based on
previous studies performed on Ar* backscatiering and incorporation into




COMPUTER - CONTROLLED ION BEAM
DEPOSITION SYSTEM

Ouwnc
Nozzle

Substrate

QCR

Fig. 1. Schematic of the computer controlled ion beam sputter
deposition  system.

the growing film.!1.12 These studies indicate that, for Ar* ions, near
normal beam incidence on the target with the substrate positioned close
to the beam axis results in a minimization of ion scattering from the
target and thus of gas incorporation into the growing film. Further
reduction of deleterious ion scattering effects can be achieved by using
source ions of higher atomic mass, such as Kr* and Xe+.11.12 The quartz
crystal resonator (QCR) and substrate are positioned symmetrically
about the beam-target (mirror) plane to ensure accurate measurement of
the sputtered flux.

A typical deposition cycle proceeds in the following manner:
Afier sputtering from a target, the computer turns the ion beam off, then
activates the siepper motor, which sotates a new target into position in
front of the ion beam. Switching the beam off in this manner minimizes
possible contamination of the film that may arise from sputtering of the
holder material during the transition from one warget to another. As a

16
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precaution the holder is constructed of niobium. The QCR is then
automatically programmed by the computer to the density value of the
next target material, the thickness reading is reset to zero, and the ion
beam is switched on to sputter the target. The thickness of the layer is
monitored until the programmed set point is reached. This is presently
done with less than 1% variation in layer thicknesses. Typical layer
thicknesses are 1 - 20A at the substrate. The cycle is repeated with
each component until the desired film thickness is obtained. |Further
details related to this novel method will be published elsewhere.]}3

2.2  Deposition of KNbO3

Using the technique described above, KNbO3 films have been
deposited onto either (100) Si or (100) MgO single crystal substrates.
Some samples were deposited on TiN films which had in turn been
deposited on the MgO substrates. The MgO was chemically cleaned and
annealed 1o remove surface damage. Targets, constructed from KOj
pressed in a N2 atmosphere and Nb metal, were fitted into Nb retaining
rings and installed on the rotating ‘platen shown in Figure 1. The

substrates were heated to between 450°C and 600°C during deposition,
and cooled slowly to room temperature.

For the films reported in this study, computer set points for the
individual layer thicknesses were 10A for the Nb and 20A for each of the
two KO2 targets. These layers interdiffuse at the elevated substrate
temperatures to yield KNbO3 in situ. Investigations on reduced layer
thicknesses are currently underway. Dcpositions consisted of
approximately 75 rotation cycles, yieldihg films about 1500A in
thickness. It is assumed that the deposited poiassium species is K20.

Films were transparent with a very slight yellpw Coloration (typical of
KNbO3 single crystals).

2.3  Film Characterization

Films were characterized by x-ray diffraction using Cu Ka
radiation, and by cross-sectional and plan view transmission electron
microscopy using a Hitachi H800. High resolution electron microscopy
was performed on a JEOL 200CX. Special TEM specimen preparation
procedures have been developed, which will be reported elsewhere. 14

For samples deposited on TiN / Mgo substrates, impedance was

measured over the frequency range 5-1000 kHz usirg a Hewlett-Packard
4192A impedance analyzer.
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KNbO3 was deposited on Si (100), MgO (100) and TiN / MgO»
(100) substrates at substrate temperatures in the range 450 - 600°C.

3. RESULTS AND DISCUSSION

Over a small range of K:Nb ratios, the desired single phase
perovskite KNbO3 resulted. Excess K20 appeared to be evaporated,
with the surface morphology showing some dependence upon this K20
excess.

Despite varying the K:Nb ratio over a wide range, the only other
phase detected was KNb3Og. This is in marked contrast to the reported
phase diagram which was determined using K2COs, in the presence of
atmospheric water vapor.5 Noting the absence of aiumosphere in the
present vacuum system and the short interditfusion distances required
tor reaction, it is deduced that a number of the previously reported
phases are stabilized by H20 and / or CO;.

A mujor objective of the present work was to determine the range
of microstructures which could be achieved. ‘Tuble | summarizes the
results for Si and MgO substrates. .

Table 1 Summary of KNbO3 Microstruciures Observed

&) : numbers
Si ] 500 ‘amurphous
550 microgryStalline,
amorph. matrix
600 polycryst., liule
orientation 2
MgO 500 amurphous
550 mixture non-oriented
and epitaxial 3
600 epitaxial,mostly
single crystal 4,6,7
TiNMgO 600 polycrystalline
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Selected microstructures are shown in Figures 2-7. Figure 2 is a
cross-sectional TEM micrograph of KNbOj3 deposited on Si (100) at
600°C. It is apparent that there is a significant formation of amorphous
SiO2 at the interface. EDS analysis showed no measurable
concentration of potassium in this interface layer. The polycrystallinity
is an expected result of the amorphous interfuce. Analysis of further
samples indicates that the thickness of the amorphous SiO2 layer is
variable, and dependent upon process conditions. The surface roughness
of the KNbO3 films on silicon is a function of the grain size, and which is
is ~ 0.5 - 1.0 um at 600°C deposition temperature.

Figure 3 shows a plan view TEM micrograph of KNbOj3
deposited on MgO (100) at S50°C. The film is polycrystalline, with
some grains displaying an orientational relationship (durk grains) to the
substrate, and with others showing no apparent correlation. This result
is confirmed by x-ray diffraction; It is interesting to note that at the
same deposition temperature, films on Si are predominantly amorphous,
with some randomly aligned microcrystalline regions, about 20 - 30 nm in
diameter. This emphasizes the role of the substrate on the nucleation
and growth process.

Figures 4, 6 and 7 show microstructures of KNbO3 deposited on
MgO (100) single crystal substrates at 600°C. X-ray diffraction and
selected area electron diffraction indicate that the whole film has an
epitaxial relationship to the substrate.

The film appears to have tetragoiial symmetry, rather than
orthorhombic. Selected area diffraction (SAD) of oross-sectional TEM
samples indicates that the c-axis is oriented perpehdicular to the plane
of the film. It should be emphasized that the film is epitaxial to the
substrate, and not simply oriented, as the a and b axes of the film maich
directly onto the a and b axes of the cubic MgO substrate. Figure 4
shows a high resolution lattice image of a film in plan view. The
measured interplanar spacings confirm the lattice parameters of a (=b) =
4.0% 0.05 A . High resolution images also indicate that there are two
types of defect types present in these single crystal films, viz antiphase
domain boundaries (APDs) and growth twins. The untiphase domain
boundaries represent stacking faults in the cation sublattice, i.e., a
transposition of A and B sites across the bound = . and a shift of one
half of a unit cell. An APD has been outlined in .g. 4. The boundary
encloses a volume element. The conceniration of these APDs varies
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Fig. 4. High resolution electron microscope image of epitaxial KNbO3 on
a MgO (100) substrate. An APD is outlined.
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Fig. 6. Plan view images of a heteroepitaxial KNbO3 film showing the
211-type growth twins.




both within one film, and from film-to-film. The origin of the stacl&‘:"g
faults could either be due to nucleation of growth at various points within
the film, or (if nucleation occurs 2: the interface as is desired), then due
to steps and ledges on the MgO substrate surface.

A postulated structure for the boundary is shown in Figure §.
This postulated structure is expected to be of low free energy. The
niobium retains coordination to six oxygens in an octahedral site, while
the structural inversion occurs around potassium, with four of its
adjacent oxygens in “next nearest neighbor” sites being replaced by a
single oxygen in a "nearest meighbor site”. This is considered
acceptable for the more ionic bonds to the A-site K+ cation, as a local
rocksalt-type structure results right at the boundary. The postulate
that this is a low energy boundary is strengthened by the fact that the
structure emulates half the unit cell of the KaNiF, stucture, which is a
common variant of the perovskite structure.!S However, it should be
noted that this postulated structure is less favourable for Al+ B5+0;
perovskites. This is due to the fact that in the case of the former, there
is a net charge associated with each plane of the (200) type, alternating
in sign, for a net zero charge. In the case of A2+B4+Qj3 perovskites, each
plane is a zero net charge. Therefore, introduction of a APD as shown in
Fig. 5 results in a disruption in the alternating charges in KNbO3,
making it significantly less favourable than for the case of A2+B4+03
structures. The method of compensating for the excess charge at the
APD boundary is KNbO3 is not known, but is presumably by oxygen
vacancies. Computer simulations of the possible structures, including
that shown in Fig. 5, are presently being undegiuken.

" The other type of defect observed is a growth gwin. This is being
reported in more detail elsewhere.16 Figures 6a and 6b are plan view
images of these twins. These growth twins have twin boundaries of the
{211) type. The twins are therefore of inverted tetrahedral shape, with
the triangular base having angles of 71, 71 and 38°. The twins can be
pointed in one of four orthogonal directions. A portion of a twin, the
“point”, is shown in a plan view high resolution atomic image in Fig. 7.
The boundary is curved rather than being "sharp” down to atomic
dimensions in order to maintain charge stoichiometry.

In the case of these growth twins, it should be noted that the
allowed directions of the polarization vectors differ from those of the
mawix. This will affect the overall dielectric displacement. The effect on
domain wall mobility and thus on switching processes, has not been
established.
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Initial characterization of the dielectric properties of the films
deposited on TiN / MgO has been nndertaken. Measurements were
made between silver clectrodes sputter deposited on the top surface,
and the TiN electrode at the KNbO3 lower surface. These particular
films were polycrystalline, (Details will be reported elsewhere.l?) No
dielectric breakdown was observed at the maximum applied fields of
1 x 108 Vm! (1000 kV per cm). The relative diclectric constant
decreased from ~100 to ~55 over the frequency range 1 kHz 10 1 MHz.
However, films were lossy, with tan o about 0.1. Although the TiN
electrode contained some oxygen, no insulating interface (for example
MgTiO4 or TiO2) was observed at the TiN - KNbOj interface.1?

In the case of the epitaxial films deposited directly onto MgO
substrates, the coupling of light directly into the film was achieved. The
configuration is shown schematically in Figure 8. For thicker films
(~0.5 um), up to four coupling modes were observed. Relatively litde
scattering occurs in the film. The analysis of the coupling modes is
presently being undertaken, and will be extended 1o direct measurement
of in-plane transmission losses and electrooptic coefficients.

. $Y L X . XA 7.ﬁ%: [bsiiu
ig. gh resolution image of epitaxial KNbOj3 film in plan view,

showing "point” of growth twin of the type seen in Figs. 6a and
6
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Fig. 8. Schematic of the method for coupling light from a laser source
into the plane of the film.

4. CONCLUSIONS
The conclusions of this work may be summarized as:

a) A new computer-controlled ion beam sputter deposition technique
has been applied successfully to the synthesis of KNbOj3 thin films.

b) Phases observed are KNbO3 and KNb3Og, significantly fewer than
previously reported in a study of the K2COj3 - Nb,Os phase diagram.

c) A variety of microstructures can be controllably produced in KNbO3
films, ranging from fine-grained polycrystalline to epitaxial single
crystal.

d) Polycrystalline films can be produced on Si (100) substrates, with an
amorphous SiO3 interface layer always obscrved.

¢) Heteroepitaxial single crystal films can be deposited on MgO (100)
substrates at 600°C.

f) Two types of defects can be observed in the epitaxial films, viz
antiphase domain boundaries and {211) growth twins. The effect of
these defects on properties have not been determined definitively.

g) The epitaxial films appear to have tetragonal symmetry at room
temperature, rather than the expected orthorhombic symmetry.
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h) Preliminary dielectric measurements have been performed on
polycrystalline films on TiN /MgO substrates.

i) A laser beam (A = 633 nm) has been coupled into epitaxial films on
MgO substrates. Several modes or overtones have been observed.
Scattering losses are low.

k) Microstructure-property relationships are presently being
determined.
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HIGH RESOLUTION IMAGING OF TWIN AND ANTIPHASE DOMAIN BOUNDARIES
IN PEROVSKITE KNbOj TIlIN FILMS.

Shang H. Rou , Philip D. Hren, John J. Hren, Thomas M. Gracuinger, Michael S. Ameen,
Orlando H. Auciello®®, and Angus 1. Kingon
Depanment of Materials Science and Engineering. N. C. State University, Raleigh, NC.

¢¢Also, Microelecuonics Center of N. C., Research Triangle Park. NC.

ABSTRACT

Perovskite KNLOj3 thin films were heteroepitaxially deposited onto (100) MgO
substrates. Twin domains with tetsahedral shape were npically observed. These
teirshedions were bounded by three {211} twin planes. High resolution transmission
electron microscopy (HRTEM) was employed to examine these {211) iwin boundaries.
Surface steps of {110]<110> type generated by distocation slip were present on the MgO
subsirate. The tetrahedral twin domains originate on surface sieps, then grow with 8
stacking fault relationship 10 the marrix. The strain fields of dislocations near the stacking
faults slightly rotate the tetrahedral twin nuclei. This small degree of misalignment between
the matrix and the twin domain result in some of the twin boundaries having smorphous
boundary regions rather than coherent interfaces.

Order-disorder sniiphase domains (APD's) were directly imaged with HRTEM.
Ulira small APD's ranging from 10 to 30 atomic spacings were observed. The origin of these
APD’s was either the surface steps of {100]<110> 1ype on MgO subsustes or the random
nucleation of anions a1 cither of two equivalent sites on the MgO substrate.

INTRODUCTION

Perovakite KNbOj has s pseudocubic struciure with lattice parameters axh=d n3A,
€=3.9739A, a=49.7°, and P=y=90° at room iemperatvre (1]. Epitaxial KNbOjy thin fitms
were deposited onto (100) MgO subsirate. -We observed o types of delects, namely
setrahedral twin domains (TTD's) and sntiphase dumains (APD's). in the heteroepitaxial
KNbOj3 thin fitms. The orientation difference betwecit the TTD's and the matrin may affect
the polarization switching process. The APD boundaries may act as light scattering centers
snd/or ferroelectric domain wall pinning sites. It is essemial to understand the origin of
these two types of defects and eliminate them if p «ible. HRTEM was employed to
imvestigate the boundary structure of these two types « . defects.

EXPERIMENTAL PROCEDURE

Epitaxiat thin films of KMNbO3 were deposited onto (100) MgO substrates at 610 C
with an unique computer-controlled rotating-target ion beam sputtering technique {2]. Plan
view TEM samples were prepared by the usual procedure plus an additional hot
onthophosphoric acid thinning step after dimpling. The specimens were subsequently ion
milled in 2 liyuid nitrogen cold stage using 4 KeV Ar® ions at a ttal gun current of 05 mA
for 8 few minutes (depending on the thickness of the films) tw obtain an vhirathin area for
HRTEM examinations. Details of sample preparation pracedure are presented elsewhere
13]. MHigh sesolwion microwopy was perfunned on 2 JEOL 200CX TEM a1 200 KeV.

Wet. Res. Sec. Symp. Proc. Vol. 183. ¢ 1990 Meteriole N h Boc
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RESULTS AND DISCUSSION

Figure I3 shows a dark ficld microwractine of the KNHOy thin filme. Fow sets of
triangular donmaing embedded in the matrix with a3 907 tmation 1o each other were obsened
in this microstructure. The orientation relationdhips hetween the 1T« and the maric are
O Jmareie 7/ 1228 1400, A schematic diawing of fons sets of TTYC viewed from the (001)
KNBOs matrix is shown in figure 1h. Three {211} intesfaces which bounded the TT < are
indeved in figure th. Structure snd microstructure characterization of the TTD's using
conventional TEM will be precented elsenwhere {4]. Surface <tepc of (110]<110> on MpO
substrate are the origin of four <ets of TID s | 1),

Vigure ). (a) Dark ficld
micrograph of KNbOy thin film
showing four <ets of 90° rotated
T1D's embedded in the (001)
KNhO matrix ac indicated by
arron s, (b) Schematic drawing of
four <ets of TTD's viewed along
011 KNhOy
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A high resolution electron micrograph of the KNy thin tilim taken along (1(0) matsix
in the vicinity of 2 TTD is shown in figure 2. This high resolution image with a point to point
resolution of ~4A was observed in the matrix tegion. Lattice fringes with an interplanar
spacing of ~2.84A corresponding 10 {110} planes were resolved within the 1win domain.
The image in the matrix regions is constructed by crossed fringes of {100) and {010). The
bigh resolution image within the twin domain are formwd by crossed fringes of [110) and
(120]. Because the d-spacing of {120) is ~1.798 which excecds the resolution limit of the
microscope. only lattice fringes are observed. Figure 3 illustrates the atomic configutation of
8 (221) TTD embedded in the (001) mauix. By compating the atamic configuration with the
HRTEM image, we deduce the tregion shown in figute 2 is ncar a “point” of a TTD. In
addition, two twin planes which bounded this twin region were (112) and (121). Thus, the
theoretical interception angle is 71°. This angle is rounded off. The local charge balance is
minimized with this geomerric configuration. Figure 2 alvo reveals thal some regions near
the wwin interfaces show overlapping of the (100) ciussed fringes and the (110) lanice
fringes. This suggests that the twin interfaces are incdined with respect to the eleciron beam
direction. The coherency interfaces between the twin dJomain and the matrix were evidenced
by maiching the [110] across the twin boundarics.

An amorphous region is found along the twin interface as shown in figure 2. This
incoherent twin boundary can be anributed 1o the slight misorientation beiween the TTD and
the matrix. I is believed that this slight misorientation is induced by dislocations on the
MgO subswurate surface. The strain field around the dislocations may slightly alier the
orientalion of the nuclei and, then, causes the misarientation between TTD's and matrix.
Since the TTD's are inverted (4], the misirientation, which generates stresy concemration

D

EEDMatrix

Figure 2. HIRTEM uiicrograph of the region near a “point™ of a TTD. This region is bounded
by (112) and (120) twin intesfaces.  Amorphization region was obsened along the
(112) win interface as indicated by the arrow "a”. Inclined twin boundaries is
indicated by arrow "b".
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Figure X. Atomic configurstion of a TTD embedded in (100) KNbOy matrix.

slong the twin interfaces. is accommodated by the lattice when the TTD is small. As the
thickness of the thin film increases, the srea of the TTD becomes larger. Therefore. stress
concentration along the twin interfaces builds up. Once the stress concentration exceeds the
critical limit. boundary amorphization accurs.

The misoriemation angle of 27 to 47 is obtained by measuring the angle hetween the
(1100 TTD and the (110) mawrix in figure 2. It is interesting to note that the amorphous
vegion i only obcerved slong the (112) interface while the (211) and (121) interfaces ate
coherenl. The cause of this amorphous region along this particular twin interface is not yet
clear. However. the mitoriemation between the TTP and the matrix induces stress
concentration along three twin interfaces. The suess relavation mechanisms along three
(211) wnin interfaces are differenmt becauce the atomic configuration beimeen the TTP and
the matrin across (1123 anin imerface in differem from those across 1211) and (121) win
interfaces (figure 3).  The stress concentration resultc in separation of the (112) imerface.
The amorphous region along this (112) twin interface it formed 10 sccommodate the stress
concentration. Where the stress can be accommodated by gradual fattice distortion across
the (121) and (2111 tmin interfaces. Therefore. the coherency along these twin interfaces
are maintained.

Figure 3 <hows a high resolution electron micropraph of the KNbOy thin films. Small
domains, sanging from 10 1o ¥ atomic spacings. are obwerved in this micropraph. Each
adjacem domain chowe 2 half lawice spacing shift with respect 10 each other. This domain
structure is similar to the antiphase domain (APD) reported in AuCuy materials [S). The
APD's in the KNBO1 thin filme sre the recult of random nucleation of KNbOa nuclei at either
of two equivalent sites or the surface weps of a/2 {100]<110> type on MgO substrates.
Becawse of the small size of the APD's. we surmite that the density of the nuclei has 1o be
very Mgh. Auempis 1o eliminate thece APD< by varving processing procedures are
currently wnderway. Preliminary resulis indicate that the density of APD's is heavily
dependent on the defect density on the subcirate surface
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Figure 4. A typical high resolution microstructure of KNBO ; thin film showing a high density
of APD's. (APDB “"a" shows an a/2<100> siep and “h° shows an a/2<1i)> &
A 2<100> siecp). The insertion is a shetch of APDB “a” and "™
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The APD's suructure can be built up geometrically by uanstation of two adjacent
domaing by either /2<100>, W/2<110>, or 82<1 11> with respect to esch other. With these 36

. three types of fattice transtations, eight possible APD boundaries with two types of

structure steps. i.e. 8/2<100> snd /2<100> plus 8/2<1 101>, result. The insertion in figure 4

shows the sketch of these two types of steps. Figure 8 shows two representative atomic

configurstions of the ATD boundary suuctures. The APD boundary siructure shown in

figure S is obuined with a avice ranstation of a/2<100> of the bottom half of the Iattice

with respect o the top half of the lattice, while 8 lattice translation of w/2<i 11> leads to the

APD bewndary structure shown in figure Sh.

+ weme.

CONCLUSIONS

Thin film KNbO3 was heternepitaxially deposited onto a (100) MgO substrate.
TTD's and APD's were obrerved in the heternepitatial KNbOy thin films. Coherency of the
twin boundaries were demonstrated with HHIRTEN. A misorientation between the matrix
and the TTD is most likely responsible for the local amorphous regions slong the (112) twin
boundary. A very high density of order-disorder antiphate domains with structure steps of
#/2<100> or 8/2<100> plue &/2<110> across their  boundaries were directly imaged with
i JIRTEM. These structure steps are beliesed to be partially induced by the steps on the
MgO substrate surfaces.
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CHAPTER 5 38
MICROSTRUCTURAL CHARACTERIZATION OF THE EPITAXIAL
(111) KNbO3 ON (0001) SAPPHIRE

5.1. INTRODUCTION:

Sapphire is a common substrate employed for deposition of thin filins for
optical application [5.1-5.4] because it is transparent and relatively inexpensive
compared with most other optically transparent substrates. Polycrystalline epitaxial
(111) KNbO; thin films were deposited onto c-cut (0001) sapphire substrates using
the processing technique described in Chapter 2. Electrooptic measutements were
performed using a geometry with the laser normal to the KNbQ, thin film and with
the aluminum electrodes parallel to the substrate surface. We obscrved that the
electroopiic coefficient for (111) KNbQOj3 thin films were superior 1o that of the (100)
oricnted KNbO; thin films {5.5). Therefore, (0001) sapphire is an important
substrate for the deposition of KNb(O); thin films.

This chapter discusses the microstructural characterization of (111) KNbO;
on ((001) sapphire. Special types of boundaries, which we call multiple positioning
boundarics (MPB's), were observed within (111) KNbQj; thin lilms.  These
boundarics are the result of coalescence of the grains nucleated on diffeient but
equivalent sites. The atomic model for these types of MPB's showed a local lattice
distortion which resulted in a misfit dislocation at the corners of MPB. Low angle
grain boundaries were also observed within this film. Local stiain ficld and misfi
dislocations were observed along these boundaries.

Plan-view and cross-section TEM samples were prepared using a
conventional method described by Summerville et al. [5.6}. In addition. lacyuer was

applied onto the thin film side of the plan view sample 10 avoid the redeposition of
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molybdenum during ion milling. Warnin acetone was then employcd to remove the

lacquer afier the TEM sample developed perforation.

5.2. RIESULTS AND DISCUSSION:

A selected area diffraction (SAD) pattern (figure 5-1a) was taken with the
electron beam parallel to the sapphire {0001] zone axis. The (0001) sapphire and
the (111) KNbO; were indexed using this pattern as illustrated in figure 5-1b. This
SAD pattern demonstrated that the KNbOj thin film was epitaxially grown onto the
sapphire substrate with the following orientation relationship:

(111) KNbO3 // (0001) sapphire and [ 110} KNDO3 // [ 1HOO] sapphite

This epitaxial relationship results in a ltice matching based on the sceeond
nearest ncighbor atom hetween the overlayer and the substrite.  Althongh the
second order epitaxy is not the most encrgetically favorable match. the resultant
small lattice mismatch mininizes the total interfacial energy.

We noticed that the KNbO; thin film diffraction spots were circumtcientially
elongated suggesting polycrysialline nature of the film. However, we only observed
the (111) KNbQ; diffraction pattern indicating that cach KNbQj grain is cpitaxial
with respect to the substrate, and these epitaxial grains have a small in-plane
orientation deviation among themselves.

Figure 5-2 shows the HRTEM micrograph of (111) KNbO3 on (0001)
sapphire. Morie’' fringes combined with lattice fringes were observed within the
same micrograph. As we know, Moire' fringes reveal the periodicity of misfit
between two overlaying crystals [5.7). The spacing of the Moire’ fringes is
approximately equivalent to eleven lattice fringes and is close to the theoretically
predicted. It was noted that the lattice fringes exhibited a wavy characteristic. This

could be attributed to a slight rotation between the KNHOy thin film and the sapphire
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substrate. Defects on the substrate surface, which generate strain ficld and
subsequentially distort the structure of substrate surface, are suspected 10 be the
cause for this lattice rotation. This rotation of the epitaxial grains is consistent with
the circumferentially elongated diffraction spots shown previously.

A cross sectional TEM micrograph is shown in figure 5-3. A sharp imerface
was observed between the KNbQ; thin film and the sapphire substrate. This
electron micrograph of the KNbQOj thin film exhibited a polycrystalline type of
contrast. The contrast could again be explained by a small oricotation deviation
among those epitaxy KNbQOj; grains. Because of the small orientation deviation
among these KNbOj grains where the exact Bragg's condition could not be satisfied
for some of the grains. This observation is consistent with the SAD pattein from a
plan view TEM sample which shows circumferentially clongated KNbt)y diftraction
spots.

Top surfaces of (111) KNbO; thin films were abserved to be rough as shown
in figure 5-3. This can be an indication that the (111) KNbQj is not the most
thermodynamically stable plane. One possible mechanism for forming this rough
surface during growth is that once planes with other orientations, which are more
thermodynamically stable than (111). appear, growth from these plines dominates.
Therefore. the (111) KNbO; thin film exhibits rough surface with faceting.
Orientation of these facets on the surface of the (111) KNbQOj thin film is close to
<100> zone axes of KNbQj3. The faceting of surface has been reported for the

deposition of diamond thin films |5.8]).

In general, the most close-packed plane is the most thenmaodynamically
stable plane [5.9]. In perovskite structures, (100} planes have an interplanar
spacing between the two nearest identical cation planes equivalent to the lattice

constant of the pseudo-cubic unit cell. Similarly, the interplanar spacing (r two
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(111} planes having identical cation ion is equal to V3/3*a. ‘The schematic
comparison is shown in figure 5-4. Since the interplanar spacing is proportional to
the atomic density of the particular plane, the (100) plane is more close-packed than
the (111) plane and thermodynamically more stable. This can explain the
observation of the (100) facets on the epitaxial (111) KNbLO; thin film. Thin films of
(100) KNbO3 on (100) MgO [5.10) had a much smoother surface and a better
uniformity than (111) KNbO; on ((XX}1) sapphire. This rough surface with faceting
of the (111) KNbO; thin film can be a serious drawback for channel waveguide
applications.

Special types of boundaries were observed within the (111) KNbQO3 thin
films. They are called muliiple positioning boundaries (MPB's). These boundaries
are formed as a result oi coalescence of two adjacent grains which are initiated at
equivalent but different positions on the substrate surface. MIPPB's are unique to
epitaxial thin films {S.11}. The most common type of MPB is the double positioning
boundary (DPB). This bour.dary is generated when (111) deposits we cpitaxially
grown onto a (111) or (0001) substrate. [t is named "double positioning” because
two equivalent but different nucleation positions are present on the substrate ~
surface.

Epitaxial thin films of (111) KNbO3 were deposited onto (000)1) sapphire
substrate. MPB's were observed within the epitaxial (111) KNbOj thin film.
However, because of the special epitaxial relationship, a much more complex system
of MPB's was observed.

In order to understanu the MPB system within (111) KNbQ)j thin films, its
layer structure aud stacking scquence are described first (figime S 51 Each
individual layer contains only one cation element, K or Nb. Each Nb atom resides

within a tetrahedral site of K sublattice and vice versa. These layers are arranged
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42 .
with an alternate KNbKNb sequence. Because KNbO, is cubic, the site sequence of
the (111) KNbOj3 layer structure is arranged with an abcabc fashion. A typical
stacking sequence for (111) KNbQj which combines atomic and site sequences, is

shown as follows:

abcabcabcabcecabeabecahbec
KNbKNbKNbK NbK NbKNbK NbKNbK NbK NbK.

The layer structure of ((M01) sapphire substrate shows that each layer
contains only cations (Al) or anion (Q). Because of the relative stability of the O
layer over the Al layer, we surmise that it is oxygen, not aluminum, planes present

on the sapphire substrate surface.

In order to simplify our analysis, we assume that the substrate surface was
perfectly flat without a step. Furthermore, we ignored the energy differences by first
overlaying ecither a K-O or a Nb plane on the sapphire substiate surface. Because
Nb was the first component that was deposited onto the substrate swiface, therefore
the Nb plane was chosen as the first overlayer. This assumption may not be a valid
one because there are potassium aluminate compounds [S5.12-14] with small lattice
mismatches (< 7%) with respect 10 the sapphire. Fuither experimental efforts are
required to determine the role of interfacial chemistry in deposition of KNbQOj3 on
sapphire. In addition, the () 1) sapphire substrate is hexagonal; thus the cations
Nb are energetically most stable sitting in the tetrahedral sites on the substrate
surface.

As we mentioned previously, the overlayer (111) KNbOj3 exhibits a second
order epitaxy with respect 10 the substrate. This epitaxial relationship leads 1o
eight equivalent, but different nucleation positions on the subsirate surface, as
illustrated in figure 5-6. These eight nucleation positions can be divided inte two

groups. Each group contains four positions which show a <110> translation within
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the F11 plane relative to each other on the substrate surface. And, the difference
between the two groups is that there are two equivalent tetrahedral sites on the
substrate surface. The siacking sequences for the nuclei, which initiated at eight
equivalent but different positions on the substrate surface, are shown in figure 5-7.

Islands of (111) KNbO; randomly nucleated at eight equivalent but different--
positions on the (0001) sapphire subsirate. As the islands grew larger, they
eventually coalesced. A t1otal of twenty eight different types of boundaries was
generated. Because these boundaries were formed duc to the eight different but
equivalent positions available on the substrate surface, the proper name for them is
"6cluplc positioning boundaries”. Depending on the origination of nucleation
positions for each two adjacent grains, these MPB's can be divided into three types,
translational, double positioning, and translational double positioning boundaries, as
depicted in table 6-1.

The first type of boundary, translational, results from two adjacent grains
nucleated at same sites but with a <110> translational relationship with respect to
another. Because stacking sequences for these two adjacent grains are identical, no
difference could be observed within the reciprocal space. lHowever, with the
translational relationship between two adjacent grains and the discoutinuity of the
lanice periodicity near the boundary, we expect o observe the contrast and an
atomic step at the translational boundary.

The second type of boundary, double positioning, results from two adjacent
grains which nucleate from different sites and exhibit no translational relationship.
Figure 5-8 illustrates the layer structure of DPB. Stacking sequences of these two
adjacent grains across this DPB are different, so it can be distinguished in the
reciprocal space along certain orientations. In fact, thesc two adjacent grains exhibit

a twinning relationship with respect 10 each other.
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The third type of boundary, translational double positioning, results from two
adjacent grains which nucleate from different sites and also exhibit a <110>
translation relationship relative 1o each other. Because these two adjacent grains

have different stacking sequences and a discontinuous lattice periodicity across the

boundary, these translational double positioning boundaries could be revealed in the

reciprocal space and exhibit an atomic step when crossing the boundaries.

A SAD pattern (figure 5-9a) was taken along the | 1010} sapphire zone axis.
The illuswration is shown in figure 5-9b. Indices were assigned to two sets of {110)
KNbO; and the (1010) sapphire subsirate. These two sets of {110} KNbQj
electron diffraction patterns had a twinning relationship because a mirror reflection
was exhibited across the [111] Bragg's reflection. We, therefore, know from figure
5-9a that either the DPB's, translational DPRB's, or/and the {111) wwin boundaries
are present within this KNbOj thin film. A dark field image (figure 5-10), which was
taken using a 110 Bragg reflection, revealed the contrast variation across the DPB
or the translational DPB within the KNbQj thin film.

The atomic configuration of a DI'B viewed along the sapphire [1010] zone
axis is shown in figure 5-11. It is clearly shown in this schematic diawing that the
DPB was formed by the coalescence of two regions with difterent stacking
sequences. The mirror reflection was observed across this DPB. We hnow that this
mirror reflection was the result of (wo different stacking scquences on the substrate

surface. Double diffraction spots were observed in figure 5-8a. This suggests that
the DPB's are not edge-on along this viewing orientation.

A possible translational boundary is shown in the dark ficld micrograph
(figure 5-12). This micrograph suggests that two regions on both sides of the
boundary had an identical orientation (stacking sequence) because no contrast was

observed on both sides of the boundary. In addition, the contrast was enhanced
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along the boundary. Based on our previous analysis, the contrast that we observed
along the boundary could indicate that it is a translational boundary.

A high resolution electron micrograph (figure 5-13), which revealed two
boundaries, X and Y, was taken with an electron beam parallel 1o the KNbO3 [111]
zone axis. The lattice exhibited a perfect periodicity across the boundary X. This
perfect periodicity indicated that the boundary X is a DPB. Furihermore, this
boundary exhibits a preferred direction along {211] which is a characieristic feature
for DPBs [5.11). The lattice showed an atomic step across the boundary Y. These
atomic steps along this boundary strongly suggest that it is either a translational
boundary or a translational DPB. We also observed from figure 5 13 that MPB’s are
not straipgit.

Figure 5-14 shows the proposed layer structure for DPB along <211>. With
the proposed boundary structure, we found that the cations were unevenly
distributed along this boundary. It is rather surprising that the HRTENS image of the
DPB shows no lattice distortion with a minimum contrast.  However, figure 5-13
shows that a slightly larger disorder region is exhibited near the translational
boundary or the translational DPB compared with the region ncar the DPB.  This
observation suggests that the translational boundary or translational DI'B is more
energetic than the DPB.

Figures 5-10 and 5-12 revealed that the MPB's were wavy. In addition, the
facets along these boundaries were (110) and (100) oricnted. The reason for this
wavy feature is not yet clear. Further detailed analysis is underway to understand
these types of boundaries.

Multiple positioning boundaries :;}e usually very energetic because of their
incoherence [S.11]. Fullman [5.15] has performed a theoretical calculation to

determine that the DPB has about 2/3 of energy of a high angle giain boundary.
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Furthermore, Kong et al. {5.16] have reporied that a high density of stacking faults
was associated with the DPB. However, the high resolution micrograph (figure 5-
13) shows a minimum contrast along this boundary. This result suggests that the
DPB’s within this material are not as energetic as we expected. The relatively low
energy state could be because stability of KNbOj lattice is determined by locations
of Nb ions. As we can see from the atomic configuration (figure 5-14), all ihe Nb
ions remain within octahedral sites of oxygen sublattice, which is the most critical
requirement for a stable KNbQOj. Therefore, these boundaries are relaively siable.
To our knowledge, no one has explained why muhiple positioning boundaries
prefer the <211> orientation. Researchers [5.17] have reported that because of the
incoherence of these types of boundarics, they are highly mobilc in some of the
material systems. We believe that the motion of the DPB's took place via a
diffusion process. As we can see from figure 5-14, with a <211> pieferred
orientation, the cations along these houndaries were arranged in a fashion which

favored the movement of the boundary. The cations only need 1o hop a/6 <2115 in

order the DPB's to move. Minimum contrast and less distortion wete ohserved”

along the <211> boundary.

A misﬁl.dislocation. as indicated by the arrow in figure 5-13, was obscrved at
the corner of the DPB. The atomic arrangement near the corner of the DI'B is shown
in figure 5-15. As we can see from this atomic arrangement, a lautice mismatch
occurs when the DPB's turn from one |211] 10 another. ‘This misfit dislocation was
generated to release lattice mismatch at the corner of the DPB. This misfit
dislocation may play a very important rolc in controlling the moaveinent of the DPB's.

Effects of these types of boundaries on the ferroeleciric and clecirnoptic
properties is not known yet. However, the uneven distribution of the atomic density

at the MPB’s may shift cation atoms and generate a permanent dipole moment.
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This residual dipole moment may act as either a ferroelectric domain nucleation site
or a pinning site for the ferroelectric domain wall. We anticipate that the birefrigent
shift will be affected.

Because of the small orientation deviation among those epitaxial grains, low
angle tilt boundaries were observed within this thin film. Figure 5-16 shows the
HRTEM micrograph of a low angle grain boundary. The two adjacent grains on both
sides of this low angle grain boundary can, but do not necessarily, exhibit different
stacking sequences. The tilt angle between these two grains is approximately 3°.
The 6rien'.ation of this low angle tilt boundary is also close to {211] KNb();. This
could be an indication that the adjacent grains exhibit different stacking scqucncc;
on both sides of the low angle tilt boundary. A strain ficld was observed along the
tuming corner of this low angle tilt boundary. This strain contrast could be the result
of a combination of the misfit induced by the two adjacent grains with different
stacking sequences near the corner of the turning point and the angle misfit between
two grains.

The dislocation array was arranged in a linear fashion. ‘The core structure of

the dislocation can clearly be seen in figure 5-16. It is worth noting that no

amorphous phase was observed within this [211] low angle tilt boundary.

5.1. CONCLUSIONS:
The following conclusicns can be drawn.
1. Epitaxial (111) KNbO; thin films were deposited onto (H001) sapphire
substrates.
2. The (111) KNbO3 thin films were polycrystalline with individual grains

maintaining an epitaxial relationship with respect to the substrate.
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3. The surface facets of (100) appeared on the top surfce of the thin film because
the (100)KNbO; is the most close-packed plane for KNbO;.

4. Muliiple positioning boundaries were observed within (111) KNb(); thin films.
The MPB can be categorized into three types, translational, double positioning,
and translational double positioning boundaries.

5. High resolution TEM revealed the contrast along the DPB's and that the misfit
occurs at the turning corner along the DPB.

6. Low angle tilt grain boundarics were formed within the (111) KNbQOjs thin film,

and the core structure of the misfit dislocation was observed.
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Figure 5-1 a) A SAD pauern with the ¢lectron beam along sapphire {(X)01] zone
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Figure 5-3 A cross section TEM micrograph of (111) KNbO3 on (0001)
sapphire.
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KNbO3 (111) KNbO3 (100)
a b

Figure 5-4 Nlusiration of the interplanar spacings for a) (111) KNbO; and b) (100)
KNbO;,
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Type of Translational . et
Boundary Boundary DrB Translational DPB
Site Same Different Diffetent
Translation <iio> No <l10>
Number of
_ Passibility 2 4 12
! ] I
Typical b, b, b, a, b, a,
Example a 9, a, b, a, b,
Substrate Substrate Subsisate

pegreyrey———————————— T T T L L L L 1

N

Table 6-1 Different types of multiple positioning boundaries.
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Figure 5-8 The stacking scquence for a DPB.
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Figure 5-9 A SAD pauern along the sapphire [ 1010] zone axis.
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KNbO; using a 110 reflection, showing the

DPB's.

Figure 5-10 A dark ficld micrograph of
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Figure 5-11 The atomic configuration of a DPB viewed along (1010) substrate.
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Figure 5-12 A dark field micrograph, showing an translational boundany
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Figure 5-14 The layer structure of a DPB along the [211] orientation.
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Electro-optic characterization of ion beam sputter-deposited KNbO,

thin films

T. M. Graettinger, S. H. Rou, M. S. Ameen,” O. Auciello,” and A. |. Kingon
Department of Materials Science and Engineering, North Carolina State University, Raleigh, 68

North Carolina 27693-7919

(Received 31 October 1990; accepted for publication § February 1991)

The electro-optic properties of potassium niobate thin films deposited using a
computer-controlled ion beam sputtering technique have been studied for the first time.
Epitaxial and polycrystalline films were deposited on single crystal magnesium oxide and highly
(111) oriented films were deposited on sapphire for the study. All films exhibited a
quadratic-like dependence of birefringence shift on the applied electric field. The microstructure
of the films and its relation to the observed electro-optic properties is discussed.

Ferroelectric materials are currently receiving much
sttention in electronic materials research. One subset of
particular interest is those materials suitable for integrated
electro-optic applications. This class of ferroelectrics in-
cludes the well known materials barium titanate, lead lan-
thanum zirconate titanate (PLZT), and lithium niobate as
well as potassium niobate which is reported in the present
study.

Potassium niobate has been identified as a candidate
for high-speed electro-optic applications. It possesses a
high electro-optic coefficient (r,, = 380x10~ ' m/V)'
and a moderate dielectric constant (€, = 137),2 both de-
sirable characteristics for high speed applications. These
properties rank KNbO, at the top of Tuttle’s figure of
merit comparison’ and Holman's device-level analysis® cf
materials in this class including barium titanate, PLZT,
and lithium niobate. Large, high-quality crystals of
KNbO, have been difficult to grow, with the greatest suc-
cess coming from the top-seeded solution technique.*

Thin-film processing techniques offer several advan-
tages over bulk crystal growth in the fabrication of optical
quality KNbO,. These include precise compositional con-
trol and the ability to utilize low growth rates. Thin-film
vapor deposition will not limit compound formation to for-
mation from K,0-rich phases, as is the case for bulk crys-
tal growth. The lower growth rates can lead to lower defect
densities and improved compositional control.

A computer-controlled ion beam sputter deposition
system has been developed for the fabrication of thin film
oxide materials.’ For the synthesis of KNbO, a sequential
layer-by-layer deposition scheme is used. Very thin (5-20
A) alternating layers are deposited by sputtering metallic
Nb and pressed powder potassium superoxide (KO,) tar-
gets held in Nb rings and mounted to the arms of a rotating
target holder. At the deposition temperatures used, typi-
cally 450 to 650 °C, these layers interdiffuse and react to
form KNbO, fims.

A quartz crysta! resonator (QCR) provides continu-
ous deposition feedback to a system control computer. A
deposition program has been written using the software

*"Currently Materials Research Corporation, Orangeburg. NY 10962.
S'Ako Microelectronics Center of North Carofina, Research Triangle
Perk, NC 27709-28%9.

1084  Appl. Phys. Lett. 88 (18), 8 May 1991

0003-6951/91/181964-03302.00

package LabView® that converts the resonator feedback to
the amount of material deposited from the target. When
this amount reaches a predetermined setpoint, the ion
beam pulses off, the high-vacuum stepper motor rotates the
next target into position in front of the ion source, and the
ion beam then pulses back on. Layers of Nb and K are
deposited repeatedly with interdiffusion between the layers
occurring until the desired film thickness (typically 2000
6000 A) is reached. Adjustment of the computer parame-
ters, and thus the thicknesses of the Nb and K layers,
allows fine compositional changes to be made in deposited
films.

Substrates are mounted on an inconel plate which is
mounted on top of a furnace assembly. The heater element
is a 500 W quartz lamp which is capable of heating the
surface of the substrate to 800 °C. A type R thermocouple
is secured to the surface of a dummy substrate which is
also mounted to the surface of the inconel plate. Films
have been grown on substrates of single-crystal MgO and
sapphire as well as fused silica and SiO,/Si at deposition
temperatures between 450 and 650 °C.

Films are routinely analyzed using x-ray diffraction
(XRD) following deposition to determine the crystalline
nature of the films. Energy dispersive x-ray spectroscopy
(EDS), scanning Auger electron microscopy (SAM), and
Rutherford backscattering (RBS) techniques have been
used for compositional analysis. Transmission electron mi-
croscopy (TEM) has been used for further microstructural
characterization.

Electro-optic measurements have been made on films
deposited on transparent substrates so the laser light can
pass perpendicularly through the films. Two 1 mm X5 mm
aluminum electrodes 1 mm apart were sputter deposited on
top of the films for these measurements. An electric field
up to 3 kV/mm could be applied across the electrodes
using a high-voltage power supply. The relative shift of the
phase retardation is measured versus applied voltage using
the system shown in Fig. 1 which was adapted from the
work by Adachi et al.’

Single-crystal MgO(100) substrates have been used ex-
tensively for the deposition of KNbO, thin films. By ad-
justing deposition parameters a series of KNbO; micro-
structures have been produced. This series of films has
been critically analyzed and the microstructural defects
characterized.'® Substrate temperature during deposition

© 1991 American institute of Physics 1964
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FIG. 1. Configuration of the optical system used to measure the birefrin-
gence shifi of electro-optic thin films.

has been found to play the most important role in deter-
mining the microstructure of deposited films. KNbO, films
deposited at 500 °C on MgO have been amorphous. By
raising the substrate temperature to 550 °C polycrystalline
films were produced. The grains were approximately 0.5
p#m in size and some grains possessed an epitaxial relation-
ship to the substrate. Fully epitaxial, mostly single-crystal
films were produced at 600 °C. Tetrahedral twin domains
have been found to be present in these films. 919 The num-
ber of twin domains present in the films has been directly
correlated to (110) steps on the MgO surface. Therefore, a
surface preparation technique has been developed consist-
ing of a chemical etch followed by a high-temperature an-
neal that reduces the number of these steps and, hence, the
twin density in the films.

High-quality films have also been deposited on Si/SiO,
and sapphire (0001). Again, substrate temperature was
found to be the most important parameter influencing the
microsi,ucture of KNbO; films. At 500 °C films deposited
on Si were amorphous. Microcrystalline KNbO, in an
amorphous matrix resulted from a Si substrate temperature
of 550 °C, snd polycrystalline films exhibiting iittle orien-
tation were deposited at 600 °C.

KNbO,; has been deposited on sapphire (0001) sub-
strates at 600 °C. These films were highly (111) oriented.
Growth-related stacking faults which lead to multiple po-
sitioning boundaries have been found in the microstructure
of these films."" In addition, local strain fields and misfit
dislocations were observed along low angle grain bound-
aries.

For measurement of the electro-optic properties, light
was passed through the films perpendicular to the film
plane. Measurements were thus limited to films on trans-
parent substrates, i.e., films on MgO and sapphire. He-Ne
Iaser light was polarized at 45° to the direction of the ap-
plied electric field and passed through the film. Two pho-
todiodes were used to measure the rotation of the angle of
polarization. A8. The phase retardation, Ad is found to be
twice AG. The birefringence shift A(An) can then be cal-
culsted as

A(An)=AA5/2vd, (1)
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TABLE 1. Comparison of KNbO, to other thin-film electro-optic mate-
rials.

Estimated
Film, orientation R (10~ " m?/v*)§ 0 dielectric constant
PLZT (28/0/100) (111) 0.5-6 2000
PLZT (28/0/100) (100) 443 2000
PLZT (9/65/35) (110) 0.55-10 1000
KNbO,, (111) s.$ <100
KNbO,, (100) 0.09-0.3 <100

where A is the wavelength of the laser (6328 A) and d is
the film thickness. Figures 2(a), 2(b), and 2(c) show the
birefringence shift plotted versus the applied electric field
for KNbO, films deposited on MgO substrates. Figure
2(a) shows the result for a polycrystalline KNbO, film.
This film exhibited some hysteresis as the electric field was
applied and removed. Hysteresis of this type is common in
ferroelectric materials and arises due to ferroelectric do-
main wall motion. However, the magnitude of the observed
birefringence shift is small for these polycrystalline films.

Epitaxial KNbO, films deposited on MgO were mea-
sured and the results are.presented in Figs. 2(b) and 2(c).
The magnitude of the birefringence shift is greater than the
case of the polycrystalline films. A slight increase in the
magnitude of the birefringence shift is observed for the
films deposited on MgO substrates that have undergone the
surface preparation procedure. These findings support pre-
liminary conclusions that the observed inversion domain
boundaries and/or tetrahedral twin domains inhibit do-
main wall movement in the films, thus decreasing the mag-
nitude of the electro-optic effect.

Crystal orientation is primarily determined by the sub-
strate. Films deposited on sapphire were highly oriented in
the (111) direction allowing for the measurement of
KNbO,'s electro-optic properties in a different crystallo-
graphic direction than the (100) films on MgO. Figure
2(d) shows the electro-optic characteristics of the films
deposited on sapphire. The (111) orientation of the films
makes use of the shear modes of the electro-optic tensor for
KNbO;. In the case of the reported linear electro-optic
coefficients, it is the shear modes which have the largest
values. Figure 2(d) illustrates that the birefringence shift
at 2 kV/mm is an order of n agnitude greater for the films
on sapphire than for films on MgO. This result compares
very favorably with previous measurements by other inves-
tigators of PLZT films.'>'? Like the polycrystalline film on
MgO, the film on sapphire exhibited hysteretic behavior,
though to a greater extent in the latter case. Table 1 com-
pares the effective quadratic electro-optic coefficient R of
PLZT thin films found in the recent literature with the
KNbO, films studied here assuming a quadratic depen-
dence on the applied field. No direct comparison is made to
bulk KNbO, since only linear coefficients have been rou-
tinely reported for single domain material. As the films
studied are multidomain material and domain reversal is
expected, the quadratic-like dependence of birefringence
shift on applied field is expected. In addition, Table I con-
tains estimates of the dielectric constants for these films.

Graettinger et al. 1985
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highly (111) oriented KNVO, on (0001) sepphire.
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Combining the low dielectric constants of KNbO, with the
electro-optic coefiicients which are comparable to PLZT,
makes KNbO, films better suited for high-speed switching
applications. 70

In summary, high-quality KNbO, films were deposited
on silicon, sapphire and single-crystal MgO substrates us-
ing a computer-controlled ion beam sputter-deposition sys-
tem. Thin layers of niobium and potassium superoxide
(KO,) were sequentially deposited and continuously inter-
diffused at the chosen substrate temperatures to produce
films of potassium niobate. The birefringence shift of all
KNbO; films was measured and displayed a quadratic-like
dependence on the applied electric field, as expected for
multi-domain material. Crystal orientation, determined via
the substrate type (MgO or sapphire), has a very large
effect on the birefringence shift measured. The microstruc-
tural defects also influence the shift, but to a much smaller
extent. KNbO; films on sapphire showed the largest elec-
tro-optic effects and compare well with PLZT films fabri-
cated by other groups. This effect combined with the rela-
tively low dielectric constant of KNbO; makes these films
strong candidates for high-speed switching applications in
the future.
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ABSTRACT

Initial results of the waveguiding properties of KNbO3 thin films are presented. The
refractive indices of epitaxial films deposited on single crystal magnesium oxide substrates have
been measured. Additionally, these films have been used as the basis for modelling a potassium
niobate thin film phase modulator. Results of the model are compared with existing technology.

INTRODUCTION

Ferroelectric materials possess great potential for use in integrated optics due to their strong
electro-optic and non-linear optical effects. Thin film fabrication methods for these materials are
currently the subject of much study. High quality, transparent, low loss films must be grown for
application into device structures. An important parameter in determining the quality of
ferroelectric thin films is the refractive index which can be measured using several techniques
including the prism coupling method. Lower than bulk values of refractive index often indicate
porous, off-stoichiometry, or poor quality thin films unsuitable for devices.

Of the materials being considered for use in integrated optic switching devices, potassium
niobate ranks very highly due to its very strong electro-optic effect and moderate dielectric
susceptibilities. This ferroelectric has been difficult to grow in bulk crystalline form, but thin films
have recently been deposited making it attractive for the integrated optic applications.

EXPERIMENTAL PROCEDURE

Potassium niobate thin films were prepared by an ion beam sputtering technique described

previously.[1] Sequential deposition of very thin layers of potassium oxide and niobium oxide
potassium superoxide pressed powder and niobium metal targets resulted in the formation of

the desired perovskite phase. Film composition and thickness were determined from Rutherford
Backscattering (RBS) spectra. The single phase nature of the films was determined from X-ray
Diffractometer (XRD) scans of the films and Selected Area Diffraction (SAD) patterns from
transmission electron microscope (TEM) specimens.

Optical guided waves were launched into the thin films using a symmetrical rutile prism
coupler [2] with a base angle of 60° and refractive index of 2.8659. The prism and film were
clamped together to achieve a good coupling spot and the clamped assembly was mounted on a

goniometer. A helium-neon laser (A = 632.8 nm) was focused on the coupling spot at the prism-
film interface. The light was polarized in order to launch only TE modes in the films. A schematic
of the system is shown in figure 1. The reflected beam from the prism coupler was detected with a
silicon photodiode and its signal monitored with a chart recorder. The prism coupling assembly
was rotated until a sharp decrease in the reflected beam intensity was detected signaling the
launching of a guided mode. The coupling angle relative to normal incidence of the input beam on
the entrance face of the prism was measured. A computer was used to perform the iterative

calculation necessary to determine the refractive index of the film from the coupling angle and the
film thickness.(3]




73

. Rotating
Table

: X-Y Stage
Rutile Prism

Potassium Niobate Film
on Magnesium Oxide
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Figure 1. Prism coupling system used to determine thin film refractive index.

RESULTS AND DISCUSSION

Guided-wave characterization

Epitaxial b-axis oriented orthorhombic potassium niobate thin films were grown on single
crystal magnesium oxide (001) substrates. Magnesium oxide was chosen for these experiments
because of its close lattice match with KNbOj and its refractive index of 1.73. A low refractive
index relative to the thin film is necessary to prevent guided-wave losses into the substrate. In
addition, the crystallographic orientation of the films on MgO is suitable to make use of one of the
larger coefficients of the electro-optic tensor in integrated optic devices.

The compositions of the films were analyzed using RBS spectra. Figure 2 shows a
representative spectra of the KNbO; films. All films measured were slightly potassium deficient
with a potassium to niobium ratio in the range of 0.85:1 < K:Nb < 0.95:1. As stoichiometric
potassium niobate (K:Nb = 1:1) is reached and exceeded the films roughen and change from
transparent to translucent. The single phase nature and the orientation of the films can be seen
from the X-ray diffraction scan shown in figure 3. The epitaxial relationship between the films and
the substrate was verified from SAD patterns of TEM samples.

The refractive index of the KNbO; thin films was determined by measuring the angle at
which guided modes were launched into the films using a prism coupler. Only the TEy mode was
launched because the film thickness was in the range 2000 to 2500 angstroms, determined from the
RBS spectra. The coupling angle was determined by detecting a sharp decrease in the intensity of
the beam reflected from the prism-film interface as the incident angle was changed as shown in
figure 4. At 632.8 nm the refractive index of the films was determined to be 2.28. This result is in
good agreement with published values of the refractive index of bulk orthorhombic KNbO; and
indicates that the films are dense and of high quality. For b-axis (010) oriented films, the refractive
index for TE polarized optical waves should lie in the range between the refractive indices in the a-,
(100), and c-, (001), crystallographic directions, 2.28 10 2.17, respectively.
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KNbQ3 Phase Modulator Model

To demonstrate the utility of the ion beam sputter-deposited potassium niobate thin films, a
waveguide electro-optic modulator based on the thin films was modeled. High quality films ofy§
KNbO3 have been deposited on single crystal magnesium oxide (001). These films have been

grown heteroepitaxially on the MgO surface with Pg of the orthorhombic KNbO3 oriented in the

plane of the film. These films will serve as the basis for the electro-optic phase modulator model.
There are four equivalent directions for Pg in the plane of the film, but, for the purposes of this
model, a film whose polarization vectors all point in a single direction will be considered. The
results of the model will then be compared to existing technology.

The optical indicatrix for KNbO3, a biaxial material, can be written as[4]

Bx; + Byx} + B,x} +2B,x,x, + 2Bx,x, + 2B, x,x, = 1 )]

where B; = l/ni2 » and the subscripts use contracted indices. Deformation of the optical indicatrix

occurs as a result of the electro-optic effect when an electric field is applied to the crystal.
Potassium niobate belongs to the crystal class mm2, so the deformation of the indicatrix obeys the
relation

(B, + 1o E)x? + (B, + 1B )X3 + (B, + 1y Ey)x2 + 2 o Ey X, %, + 2rg Eyxyx, =1 (2)

For the use of the KNbO3 films discussed above in guided-wave devices, light must propagate in
the 1-3 plane. The guided wave may be polarized either TE (in the 1-3 plane) or TM (normal to the
1-3 plane) in a single mode waveguide. Thus, for these thin films the fourth term in Eq. (2) is of

no consequence since light can not be polarized in the 4 direction.
For a field applied along x3, Eq. (2) reduces to

(B, + r,E))x} + (By + 1y, E)x2 + (B, + ry,E;)x2 =1 (3a)
while for a field applied along x 1, Eq. (2) becomes
Bx’+Bx}+Bxl+2r Exx,=1. (3b)

Of the linear electro-optic coefficients appearing in Egs. (3a) and (3b), rs is the largest for

KNbO3, 105 xlO'12 m/V.[5] Utilization of this strong effect requires that a TE guided mode
propagating in the 5 direction (the shear direction between the x| and x3 axes) in the crystal be
used. The geometry of the proposed device is shown in Fig. 5.

Electric Field Line

X2 Optical Mode Field

100)
(001}

010)
MgO Substrate

(2) (b)
Fig. 5. Geometry of the proposed KNbO3 electro-optic modulator.

The total phase shift for a TE mode propagating a distance L along the 5 direction in the
film is APL = 2xL(Ans)/A. From Eq. (3b), Ans can be found to be




An =—}njrE, 4

To determine the applied electric field, E must be determined for the electrode geometry shov? d‘.n
Fig. 7-1(b). The electrode geometry shown, where the horizontal field is used for modulatior thas
been studied in depth by several researchers[6,7,8,9], with the result that E} in Eq.(4) can be

replaced by I'V/+/2G where V is the applied voltage, G is the gap between the strip electrodes and

I represents the overlap integral between the electrical and optical fields. The expression is

modified by ¥z to determine the component of the total field in the x| direction. The overlap
integral can be calculated from

r=(§)[[EET oA (5)

where E is the applied electric field and E” is the normalized optical field distribution. Using Egs.
(4) and (5), the total phase shift can be written as

ABL=—% nry T(%N%) (©6)

Device length and modulation voltage are two critical parameters in device design. For
device optimization the product VL should be minimized. Equation (6) can be rewritten to identify
the relationship between the other device parameters and the VL product. The result, using  as
the desired phase shift for the modulator, is

VL= inw
nyro,

)

For minimization of VL, (G/ I') must be minimized. However, T is a function of G and the optical
mode size. Alferness[6] and Marcuse[7] have graphically presented this relationship for use in
device design.

Before choosing actual device dimensions, modulation bandwidth must be considered.
The modulation bandwidth when determined from the lumped electrode parameters is dependent on
the electrode design and the dielectric constant of the thin film. The bandwidth is determined from

Af = 1/eRC where R is the impedance of the device, typically 50 Q (matched to the driving

circuit), and C is the capacitance of the strip electrodes. For symmetric strip electrodes as shown
in Fig. 5, the capacitance per unit length is[6,10]

£_ K’(r,)
L ts K(r,) @)

where rg = 2W/ G+1)! and Eeff= (€0/2)(1+€g) is the RF dielectric constant. For KNbO3 in the
geometry considered here, €5 = €5 = 74. K is the complete elliptic integral of the first kind and

K'(rg) = KI( l-rsz)m]. Alferness(6}] has graphically determined C/L and AfsL vs. G/W for
LiNbO3 and the results can be scaled appropriately for KNbO3.

Modulation bandwidth can also be limited by the inverse of the optical or electrical transit
times. Normally, the bandwidth is limited by the electrodes and is determined as above. The
bandwidth is therefore dependent on G/W, increasing as the ratio of G/W increases. However,
from Eq. (7) it can be seen that a small electrode gap is required to minimize the VL product.
Therefore, %0 maximize the modulation bandwidth requires a small electrode width. The electrical

transit time cutoff frequency places a practical limit on the electrode gap to width ratio. Calculated
as




-y ey e T——

c
ey 4 9
f ) ©)

the cutoff frequency for KNbO3 is 1.5 GHzecm and 2.2 GHz+cm for LiNbO3. There is thus r7c7
advantage for G/W > 3 for a KNbO3 device.

The ratio of drive voltage to modulation bandwidth can be used as a figure of merit in
evaluating device design. Using Egs. (7) and (8) presented above, the ratio is

%f=45m( '/n;r,,)(c/r)(%) - (10)

Table 1 summarizes the device geometry and operation parameters for optimized
modulators based on potassium niobate thin films and X-cut, Y-propagating titanium-diffused
lithium niobate waveguides. Based upon the drive voltage to modulation bandwidth ratio and the
VL product, the potassium niobate based modulator compares favorably with the lithium niobate
modulator. The potassium niobate modulator uses a much larger electro-optic coefficient than the
lithium niobate modulator, but the advantage gained is partially offset by the larger dielectric
constant of KNbO3 for the geometry considered. Based on the drive voltage to modulation
bandwidth ratio, the theoretical potassium niobate modulator represents an 80% improvement over
the lithium niobate modulator.

Table 1. Comparison of optimized phase modulators.

KNbO3 Thin Film i-diffused LiNbO3

Electro-optic Cocfficient r31= 105010 2V 33 = 30.8x10° 12 /v
RF Dielectric Constant, €5 74 35
Electrode Gap, G, (mm) 2 1
Electrode Width, W, (mm) 1 2
Wavelength, A, (nm) 633 633
Overlap Integral, I’ 0.7 0.3

VeL Product, (Vemm) 2.2 6.4
Electrical Cutoff Freq., f;, (GHzecm) 1.5 2.2

RC BandwidthsLength, AfgceL, (GHzecm) 1.4 2.1
(V/ADmin, (VAGHz) 0.2 0.5

Very high quality lithium niobate devices are currently being produced. However, a large
market for these devices has yet to develop. One of the principle reasons for the small market is
the difficulty in integrating these devices with thin film optoelectronic technology. Itis in this area
that thin films such as potassium niobate can excel. Several very important materials issues need to
be addressed before the thin films can take the place of the bulk single crystal devices, however.
High optical losses continue to plague thin film waveguides. These losses, primarily due to
scattering, must be decreased to acceptable levels based upon the device being considered. In
addition, for best use of the thin film materials, they must be grown on silicon or gallium arsenide.
Due 1o the high indices of refraction of Si and GaAs, low index (<2) buffer layers must first be
gown on the substrates before the electro-optic material. These buffer layers must possess a

ttice suitable to match both the substrate and the electro-optic material. Work is currently in
progress at North Carolina State University to grow such materials.

SUMMARY

The refractive indices of epitaxial potassium niobate (001) thin films deposited on single
crystal magnesium oxide (001) have been measured using a prism coupler. The films were




fabricated using an ion beam sputter-deposition system and their compositions determined from
Rutherford Backscattering spectra. The thickness of the films was in the range of 2000 to 2500A
so the films supported only one TE mode. Smooth, transparent films that were slightly potassium
deficient had a refractive index of 2.28. This result falls within the expected range of 2.279 to
2.329 for bulk single crystal KNbO3 with the same orientation as the films. 78

A model of an electro-optic phase modulator was developed which optimizes the drive
voltage and modulation bandwidth of the device. The model was based on the epitaxial KNbO3
films grown on MgO (001) using the ion beam sputter-deposition technique. The characteristics of
the optimized device demonstrate the potential of KNbO; films to surpass bulk single crystal

LiNbO3, which is currently the material of choice for guided-wave integrated optics devices.
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